Spectral interference is experimentally demonstrated by two terahertz pulses emitting from filaments induced by two successive femtosecond laser pulses in air. Here a leading pulse is set to be weaker than a trailing pulse and their temporal separation is larger than the pulse duration of the terahertz pulses. When the leading pulse is stronger than the trailing pulse, the frequency modulation within the whole terahertz envelope is greatly deteriorated due to nonlinear effects applying on the trailing pulse through the plasmas generated by the leading pulses. Such unique terahertz spectrum may find applications in terahertz spectroscopy.
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The technique of terahertz time-domain spectroscopy (THz-TDS) emerges to become valuable for potential applications in many areas such as security, communication, and medicine etc. For example, in the security area, not only can THz waves propagate through cloths and packaging materials but also they can be used to identify immediately most of the hidden explosives, which feature unique "fingerprints" within terahertz region [1] [2] [3] [4] . Laser-induced plasmas, photoconductive terahertz antennas, and nonlinear crystals are effective terahertz emitters to generate broadband terahertz pulses which can be used for terahertz time-domain spectroscopy [5] [6] [7] [8] . In some occasions, however, these terahertz sources are not powerful enough to provide reliable spectra, especially in the case that the THz-TDS system is working in a reflective mode.
The normal way to obtain a more reliable terahertz spectrum is to increase the data-acquisition time.
In this Letter, we demonstrate spectral interference of two terahertz pulses emitting from femtosecond laser filaments with temporal separation larger than the pulse duration of the terahertz pulses. The terahertz spectral signals are enhanced by the interference of two broadband terahertz pulses, which could benefit the resolution of the spectrum for a THz-TDS system.
In our experiments, a 1 kHz, 800 nm, 40 fs Ti-sapphire laser beam was split into two (a reference beam and a control beam). The energy of the reference and control beams were 1.3 mJ and 2.4 mJ, respectively. The temporal delay between the reference and control beams is adjustable by a translation stage. The two beams were recombined together by a beam splitter. After this beam splitter, both beams were focused by a plano-convex lens with a focal length of 50 cm, generating filaments in air. The terahertz radiations generated by these two beams were collected by a pair of parabolic mirrors and detected by an electro-optic sampling (EOS) device with a <110> oriented ZnTe crystal of 1.5 mm thickness [9] . A 500-μm-thick silicon wafer was applied between the two parabolic mirrors to block the residual fundamental pulses and white light from the filaments.
We measured terahertz radiations from filaments generated by the reference and control beams at each specific delay. The terahertz waveforms and their Fourier transform spectra for each temporal delay between the reference and control beams are specified in Figs. 1 and 2, respectively. Figure 1 Their spectral profiles over the whole terahertz frequency domain are similar. The spectral amplitude for the reference beam, however, is lower because this beam is weaker compared to the control beam. When both the reference and control beams initiate filaments, the waveforms and spectra of terahertz radiations from the filaments make interesting changes. In the case of no temporal delay between the reference and control beams [ Fig. 1(c) ], the spectral profiles of terahertz radiation from these two beams are the same as terahertz emission either from the reference beam or from the control beam. And its spectral amplitude is close to the sum of terahertz emission produced by the reference and control beams [solid line in Fig. 2(a) ]. When the strong pulse (control beam) is 4-ps delayed from the weak pulse (reference beam), the time difference of the two terahertz pulses generated by these two beams is larger than the terahertz pulses' temporal width [ Fig It is obvious that the frequency modulation phenomenon becomes weaker and noisy than the terahertz spectra obtained when the control pulse propagates behind the reference pulse. This dramatic drop in the terahertz amplitude created by the reference pulse is due to the nonlinear interaction between the two filaments generated by the reference and control pulses. When the reference pulse propagates after the control pulse, it will feel the strong plasma defocusing effect induced by filamentation process of the control pulse. Consequently, most of its pulse energy is diffracted out to the energy reservoir [10] , which results in the generation of a weaker terahertz pulse. However, the energy of the control pulse is high enough to overcome the plasma defocusing effect induced by filamentation process of the reference pulse when the control pulse travels behind the reference pulse. In this situation, therefore, no obvious decrease in the amplitude of the terahertz pulse generated by the control beam is observed, except for minor changes in the phase of this pulse.
The evolution of the spectral full width at half maximum of these periodic peaks as a function of the temporal difference between the reference and control pulses is illustrated in Fig. 3 . Each point corresponds to an average spectral width of the periodic peaks measured at a specified temporal delay between two pulses in the experiment. All these data are collected while the control beam travels in front of the reference beam. When the temporal separation of the two 5 pulses increases from 1.33 ps to 10.66 ps, the terahertz spectral width drops from 0.7 THz to 0.1 THz, accordingly. This measurement indicates that the periodic peaks become narrower with the increase of time delay between the two laser pulses. This spectral width curve can be well fitted (solid line, Fig. 3 ) by using the following equation:
where f  is the terahertz spectral width at half maximum, and t  is the time difference between the reference and control terahertz pulses. This observation suggests that the terahertz spectral width ( f  ) only depends on the time difference between two terahertz pulses ( t  ).
The occurrence of these periodic spectral peaks within the whole terahertz spectral envelope can be explained by interference effects of two delayed terahertz pulses emitting from filaments formed by two discrete, successive femtosecond laser pulses (a reference pulse and a delayed control pulse). Each spectral peak in the modulated terahertz spectrum represents a constructive interference of this spectral component. The intensity at each frequency is a coherent superposition of the spectral components from the reference and control terahertz pulses at this measured wavelength (  ) [11] , i.e.,
where d is the distance between the reference and control pulses, Figure 4 illustrates the experimental and calculated spectral intensity of two successive terahertz pulses 6 emitting from filaments formed by the reference beam and 4-ps delayed control beam. The experimental curve is obtained by squaring the amplitude of the terahertz spectrum acquired when the control beam propagates 4 ps before the reference beam [solid curve in Fig. 2(b) ]. The calculation is based on the Eq. (2) and it fits the experimental curve very well. Some minor difference comes from nonlinear interaction of two successive filaments [12] [13] [14] . The plasma induced by the leading reference beam affects the formation of the filaments generated by the trailing control beam, which results in some nonlinear effects superposed on the spectrum of terahertz spectral interference. Equation (2) also indicates that the frequency of spectral modulation is related to the temporal separation between the two successive terahertz pulses. The further the two terahertz pulses depart from each other, the higher the frequency modulation is.
Therefore, the modulation frequency in the terahertz spectral envelope can be easily manipulated by modification of the temporal separation of the reference and control pulses. Also, the spectral peaks can be smoothly tuned in the same way.
In conclusion, we have produced spectral interference in the terahertz region by two terahertz pulses emitting from filaments induced by two successive femtosecond pulses. The amplitude of the whole terahertz spectral envelope is enhanced by interference of two terahertz pulses. The central frequency and the spectral bandwidth of the terahertz periodic peaks are tunable by manipulating the temporal separation between the leading and trailing terahertz pulses. Not only can this terahertz spectrum could improve the signal to noise ratio in the terahertz time-domain spectroscopy by tuning the spectral peaks to the absorption lines of the interested samples, but also provide a unique way to study the nonlinear interaction of time-delayed filaments by monitoring the interaction-induced change of the terahertz spectral interference. 
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